Background: Dibutyryl cyclic adenosine monophosphate (db-cAMP) has been shown to protect vascular endothelial cells by increasing the level of intracellular cAMP, and we have previously reported its effectiveness in lung preservation. Here, the effects of db-cAMP in lung preservation were ultrastructurally investigated, and the ultrastructural changes before reperfusion were correlated with pulmonary function after reperfusion. Methods: The lungs of 17 Lewis rats were flushed with perfusate and prostaglandin E 1 , and were then divided into three groups. In the fresh group (n = 6), the lungs were flushed with extracellular-type trehalose-containing (ET-K) solution and were reperfused immediately. In the control group (n = 6) and db-cAMP group (n = 5), the lungs were flushed with ET-K solution and ET-K solution plus dbcAMP (2 mM ), respectively, and were reperfused after cold preservation at 4°C for 15 h. Before reperfusion, tissue was sampled and ultrastructurally analyzed by transmission electron microscopy. Results: In the endothelial cells of pulmonary arterioles, the incidence of protrusion was significantly lower in the fresh and db-cAMP groups than in the control group (p ! 0.05). The incidence of detachment and microvillus formation were significantly lower in the fresh and db-cAMP groups than in the control group (p ! 0.01). The ultrastructure of the alveoli did not allow separation of the control and db-cAMP groups. The shunt fraction and wet to dry weight ratio of the lung tissue after reperfusion were significantly lower in the fresh and db-cAMP groups than in the control group (p ! 0.01). Positive correlations were found between the incidence of these ultrastructural changes in the endothelial cells of the pulmonary arterioles and pulmonary function after reperfusion. Conclusion: These findings suggest that db-cAMP might attenuate the lung injury caused by cold preservation and ischemia-reperfusion, partly by suppressing the acceleration of the structural changes in the endothelial cells in the pulmonary arterioles.
Introduction
The duration of clinical lung preservation is limited to 10 h [1] . We have been conducting a series of experiments to develop highly reliable lung preservation solutions that would enable us to preserve lungs for longer periods of Ueda/Hasegawa/Nakamura/Hirata/Fukuse/ Suzuki/Wada time so as to alleviate the current donor shortage [2] [3] [4] [5] [6] . The results of past experiments have shown that endothelial cell injury caused by cold preservation is one of the contributing factors in reperfusion injury, and we have already reported the importance of protecting the endothelial cells [7] .
In particular, dibutyryl adenosine 3),5)-cyclic monophosphate (db-cAMP), a cell membrane-permeable cAMP analogue, showed excellent effectiveness in 15-hour rat lung preservation [8] . It has been reported that db-cAMP is effective in attenuating pulmonary injuries caused by endotoxin [9] , lipid hydroperoxide [10] , oxidant gas [11] and air emboli [12] . However, in all of these studies, including ours, the effectiveness of db-cAMP was assessed by measuring physiological parameters, such as pulmonary vascular resistance, airway pressure and the wet to dry weight (W/D) ratio of the lung tissue. Moreover, the effect of long-term cold preservation on the ultrastructure of the lungs and the effect of these ultrastructural changes on pulmonary function after reperfusion have not been clarified yet. In the present study, with the use of the sample of rats previously reported on [8] , the ultrastructure of rat lungs preserved for 15 h was analyzed by transmission electron microscopy (TEM). We assessed the effectiveness of db-cAMP in long-term cold preservation of lungs by investigating the relationship between the ultrastructural changes in the cold-perserved lungs and the pulmonary function after reperfusion.
Materials and Methods

Experimental Groups
Seventeen adult, inbred, pathogen-free, male Lewis rats (body weight 250-300 g) were randomly divided into three groups according to the type of perfusate used and the length of the period of ischemia. In the fresh group (n = 6), the lungs were flushed with extracellular-type trehalose-containing (ET) Kyoto (ET-K) solution, and immediately reperfused (ischemic interval: 20 min, 4°C). In the control group (n = 6) and db-cAMP group (n = 5), the lungs were flushed with ET-K solution alone and ET-K solution plus db-cAMP (2 mM ), respectively, and were preserved at 4°C for 15 h. All lungs were treated with prostaglandin E 1 (10 Ìg/body) prior to the pulmonary artery (PA) flush. The ET-K solution used in the present study was an organ preservation solution with a relatively low potassium concentration and containing nonreducing disaccharide trehalose, which has been shown to protect cell membranes [2] [3] [4] [5] [6] . The composition of the perfusate was as follows: Na + 100 mmol/l, K + 44 mmol/l, gluconate 100 mmol/l, phosphate 25 mmol/l, trehalose 4.1%, hydroxyethyl starch 3%, osmolarity 336 mosm/l and pH 7.40. db-cAMP was provided by Daiichi Pharmaceutical Co. Ltd. (Tokyo, Japan) and prostaglandin E 1 by Ono Pharmaceutical Industrial Co. Ltd. (Osaka, Japan).
Donor Procedure and Lung Preservation
The rats were anesthetized with pentobarbital (30 mg/kg) and tracheotomy was performed for endotracheal intubation. They were ventilated under the following conditions: room air, tidal volume 3.0 ml/body, 60 breaths/min and positive end-expiratory pressure (PEEP) 0. A midline abdominal incision and a median sternotomy were performed, and 500 U of heparin was administered through the inferior vena cava. A no. 14 cannula was inserted into the PA. Just before the PA flush, the left auricular appendage, abdominal aorta and inferior vena cava were amputated. The PA flush was performed with perfusate and prostaglandin E 1 from a height of 20 cm. The heart-lung block was removed, and the right hilum was ligated with 1-0 silk. The heart-lung block was then immersed in each preservation solution at 4°C, with the pressure of the airway kept positive at 14 cm H 2 O.
Ultrastructural Analysis
After 15 h of cold preservation, but just before reperfusion, tissue samples were taken from the mediastinal lobe of the right lung, to be analyzed by TEM. The samples were immediately fixed in 2.5% phosphate-buffered glutaraldehyde and minced into 1 mm 3 pieces, which were then treated with 1% osmium tetroxide, dehydrated by graded concentrations of ethanol and propylene oxide and embedded in Spurr resin. A minimum of 10 resin blocks were obtained from each lung and three of them containing pulmonary arterioles of less than 0.1 mm in diameter were randomly selected. Ultrathin slices were placed on copper grids, stained with uranyl acetate and lead citrate and observed by JEOL JEM-2000EX TEM (JEOL Corporation, Tokyo, Japan). The endothelial cells of the pulmonary arterioles were examined at a magnification of !5,000. Eight to twelve photographs were taken so that a particular blood vessel could be analyzed continuously as much as possible, and 5 of them were selected randomly. Also, 8-12 alveoli surrounding the pulmonary arteriole were chosen randomly and photographed at a magnification of !5,000, and 5 of them were selected randomly. In this manner, 15 photographs of pulmonary arterioles and 15 photographs of alveoli were obtained from each lung. In other words, 90 photographs of pulmonary arterioles and 90 photographs of alveoli were analyzed in the fresh and control groups, and 75 photographs of pulmonary arterioles and 75 photographs of alveoli were analyzed in the db-cAMP group. These photographs were then printed to give a final magnification of !12,000.
Assessment of Ultrastructural Changes
The ultrastructural changes in the endothelial cells in the pulmonary arterioles were assessed in terms of protrusion, detachment from the basal lamina, microvillus formation, cellular degeneration and cellular vacuolization. Protrusion was graded as absent or present. Detachment was graded according to the space between the endothelial cell membrane and basal lamina: minimal = a space of approximately 0.2 Ìm or less; moderate = a space of approximately 0.5 Ìm, and severe = a space of approximately 1.0 Ìm or more. Microvillus formation was graded as follows: minimal = microvilli covered only a part of the cell surface; moderate = microvilli covered about half of the cell surface, and severe = microvilli covered most of the cell surface. Degeneration and vacuolization were assessed as absent, minimal, moderate or severe, according to the criteria previously reported [7] . The same criteria used to assess the ultrastructural changes in the endothelial cells in the pulmonary arterioles were used to assess detachment from the basal lamina and microvillus for-mation in the capillary endothelial cells and type I pneumocytes in the alveoli. The ultrastructural changes were assessed in a blinded fashion by two investigators (M.U. and Y.S., pathologists) who did not participate in the present experiment. We calculated the percentage of 15 photographs taken from one animal in which a certain change was present, and used this percentage as a datum.
Operation for Deoxygenator Lung
Twenty minutes before reperfusion, male Lewis rats were anestetized and ventilated in the same manner as the donors. A midline abdominal incision and a median sternotomy were performed and 500 U of heparin was administered through the inferior vena cava. A no. 14 cannula was inserted into the PA, and the left auricular appendage, abdominal aorta and inferior vena cava were amputated to remove the heart-lung block. The heart-lung block was then placed in a perfusion apparatus as a deoxygenator fresh lung, inside a chamber that was maintained at 37°C and 100% humidity.
Reperfusion
Reperfusion was carried out with the perfusion circuit previously reported [13] , which we made by modifying the model described by DeCampos et al. [14] . The perfusion circuit was perfused with 30 ml of fresh mixed venous blood obtained from three rats (1,000 U of heparin was administered to each rat). The right lung was resected from each preserved heart-lung block and the heart-left lung block was placed in a perfusion apparatus within a chamber. The mixed venous blood was deoxygenated using a deoxygenator fresh lung that was ventilated under the following conditions: gas mixture of 4% O 2 , 8% CO 2 and 88% N 2 , tidal volume 3.0 ml/body, 60 breaths/min and PEEP 2 cm H 2 O. The deoxygenated blood was perfused from a venous blood reservoir to the preserved left lung through the PA with the use of a double-head roller pump. The preserved left lung was ventilated under the following conditions: 100% O 2 , tidal volume 3.0 ml/body, 60 breaths/min, and PEEP 2 cm H 2 O. The blood from the left lung was collected in a blood reservoir and perfused to the deoxygenator fresh lung with the use of a pump. The perfusion rate was maintained at 4 ml/min at 37°C for 60 min. When an intratracheal exudate flowed out from the tracheal tube due to severe pulmonary edema, reperfusion was discontinued. The shunt fraction and mean pulmonary arterial pressure (m-PAP) were measured every 10 min up to 60 min after reperfusion. The shunt fraction and m-PAP of each lung were assessed by a value obtained 60 min after reperfusion or at the end of reperfusion. After reperfusion, the lower one third of the left was used to determine the W/D ratio. These physiological data have already been reported in the previous study [8] .
All animals were treated in accordance with the principle of laboratory animal care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH Publication No. 86-23, revised 1985).
Statistics
The mean, variance, standard deviation, and standard error (SE) were calculated for each group of animals. Data were expressed as mean B SE. Statistical significance was evaluated by ANOVA and Scheffé's multiple comparison test. The correlation between the results of TEM and the physiological parameters was evaluated by Spearman's rank correlation test. A p value less than 0.05 was considered significant.
Results
Ultrastructural Changes
The incidence of protrusion in the endothelial cells of the pulmonary arterioles was significantly lower in the fresh group (17.8 B 2.8%) and db-cAMP group (8.0 B 3.3%) than in the control group (34.5 B 5.0%) (fresh vs. control, p ! 0.05; db-cAMP vs. control, p ! 0.01) (fig. 1A) . The incidence of detachment evaluated as severe was significantly lower in the fresh group (1.1 B 1.1% ) an dbcAMP group (0%) than in the control group (25.6 B 6.3%) (p ! 0.01). Although the incidence of detachment evaluated as severe or moderate was significantly lower in the fresh group (17.8 B 8.7%) than in the control group (63.4 B 7.8%) (p ! 0.01), there was no significant difference in the incidence of this change between the db-cAMP group (34.7 B 9.3%) and the other two groups (fig. 1B) . The incidence of microvillus formation evaluated as severe was significantly lower in the fresh group (0%) and db-cAMP group (28.0 B 3.9%) than in the control group (54.5 B 5.3%) (p ! 0.01), and there was also a significant difference between the fresh and db-cAMP groups (p ! 0.01). The incidence of microvillus formation evaluated as severe or moderate was significantly lower in the fresh group (11.7 B 3.7%) and db-cAMP group (70.7 B 6.9%) than in the control group (94.5 B 4.4%) (fresh vs. control, p ! 0.01; db-cAMP vs. control, p ! 0.05), and there was also a significant difference between the fresh and dbcAMP groups (p ! 0.01) (fig. 1C) . Mitochondria of the endothelial cells were slightly swollen in the control and db-cAMP groups, but the other organelles were preserved favorably. Consequently, there were no significant differences in the incidence of degeneration and vacuolization between the three groups. Representative transmission electron micrographs of small vasculature endothelial cells in rat lungs at the original magnification of !5,000 are shown in figure 2 .
The incidence of detachment in capillary endothelial cells was significantly higher in the control group (severe 21.1 B 2.7%, severe or moderate 37.8 B 3.7%) and dbcAMP group (severe 21.3 B 3.3%, severe or moderate 42.7 B 5.8%) than in the fresh group (severe 2.2 B 1.4%, severe or moderate 5.6 B 2.0%) (p ! 0.01) (fig. 3A) . The incidence of microvillus formation in the capillary endothelial cells was significantly higher in the control group (severe 12.2 B 4.7%, severe or moderate 53.4 B 5.7%) and db-cAMP group (severe 8.0 B 5.3%, severe or moderate 53.3 B 9.4%) than in the fresh group (severe 0%, severe or moderate 0%) (p ! 0.01) (fig. 3B ). The incidence of detachment in type I pneumocytes was low in all three Ueda/Hasegawa/Nakamura/Hirata/Fukuse/ Suzuki/Wada groups, and there were no significant differences between the three groups. The incidence of microvillus formation in type I pneumocytes evaluated as severe or moderate was significantly higher in the control group (17.8 B 3.7%) and db-cAMP group (12.0 B 3.9%) than in the fresh group (0%) (fresh vs. control, p ! 0.01; fresh vs. dbcAMP, p ! 0.05). There were no significant differences in the incidence of detachment or microvillus formation in capillary endothelial cells and type I pneumocytes between the control and db-cAMP groups. Representative transmission electron micrographs of alveoli in rat lungs at the original magnification of !5,000 are shown in figure 4.
Physiological Data
In the fresh and db-cAMP groups, it was possible to evaluate all animals. In the control group, although reperfusion was performed for 60 min in 5 animals, it was discontinued 20 min after initiation in 1 animal because of severe pulmonary edema. Table 1 shows the shunt fraction, m-PAP and W/D ratio in the three groups. The shunt fraction was significantly lower in the fresh group (4.5 B 0.5%) and db-cAMP group (3.2 B 0.5%) than in the con- 
Correlation between Structural Changes and Physiological Data
A positive correlation was found between the incidence of endothelial cell protrusion in the pulmonary arterioles and the pulmonary shunt fraction, the correlation coefficient (r) being 0.792 (p ! 0.01) ( fig. 5A ). Positive correlations were found between the incidence of severe endothelial cell detachment in the pulmonary arterioles on the one hand and the pulmonary shunt fraction and W/D ratio on the other, with r = 0.769 (p ! 0.01) and r = 0.857 (p ! 0.01), respectively ( fig. 5B,C) . A positive correlation was found between the incidence of severe microvillus formation in the endothelial cells of the pulmonary arterioles and the W/D ratio, with r = 0.708 (p ! 0.01) ( fig. 5D ). 
Discussion
In the present study, the effectiveness of db-cAMP against pulmonary injury induced by cold preservation and ischemia-reperfusion was investigated by analyzing the correlation between the ultrastructural changes in the cold-preserved lungs and the pulmonary function after reperfusion.
Pulmonary shunt fraction was used for the assessment of physiological function of the cold-preserved lungs. Blood gas analysis data are indeed the most important parameters for the assessment of the quality of the preserved lungs. We believe, however, that the shunt fraction is more valuable and reliable than the single component of blood gas analysis data, i.e. PO 2 and PCO 2 , in this model, because gas analysis data of the preserved lungs might be influenced by the function of the deoxygenator fresh lung. The pulmonary shunt fraction was calculated by the following formula: Qs/Qt (%) = (Cc -Ca)/(Cc -Cv)!100, where Cc, Ca, and Cv represent the oxygen content in the blood of the pulmonary capillary, pulmonary artery and pulmonary vein, respectively. The influence of the deoxygenator fresh lung was minimized by this formula. Accordingly, the shunt fraction was calculated and correlated to ultrastructural changes in pulmonary capillaries. In addition, the shunt fraction was significantly lower in the dbcAMP group than in the control group. This result might indicate that db-cAMP attenuated the increase in the change in intrapulmonary blood flow caused by cold preservation and ischemia-reperfusion. Because the mechanism underlying this protective effect was not determined in this study, further investigations should be conducted. 
Effects of db-cAMP in Lung Preservation
Eur Surg Res 2000;32:289-296 db-cAMP has been reported to have three major protective effects on endothelial cells, namely suppression of vascular permeability [9] [10] [11] [12] , relaxation of vascular smooth muscle cells [10, 15] and inhibition of the attachment of neutrophils to the vascular wall [16] . Although these effects could not be directly assessed in the present study, the ultrastructure of the vascular endothelial cells and the pulmonary function after reperfusion were significantly better in the db-cAMP group than in the control group. In particular, the incidence of severe detachment of the endothelial cells in the pulmonary arterioles was significantly lower in the db-cAMP group than in the control group, and this ultrastructural change correlated with the W/D ratio and the shunt fraction after reperfusion. Cultured endothelial cells from pulmonary arterioles have been reported to detach from the basal lamina and change the fluidity of the cell membrane at lower temperatures, and to show significant changes in the composition of the cytoskeleton and the structure of cell membranes [17, 18] . It has been suggested that cAMP may be an important determinant of endothelial barrier properties and suppress the increase in vascular permeability by affecting cell morphology and cellular junctional complexes [19] . Therefore, the results of the present study may indicate that db-cAMP shows a protective effect on pulmonary function after reperfusion by maintaining the morphology and intercellular adhesiveness of the endothelial cells in the pulmonary arterioles.
On the other hand, there was no significant difference in the incidence of detachment in capillary endothelial cells between the db-cAMP and control groups, so the suppressive effect of db-cAMP on the development of capillary subendothelial edema was not clear. This difference in the effects of db-cAMP on the ultrastructure of endothelial cells between pulmonary arterioles and capillaries may be due to difference in morphology of the endothelial cells. In other words, the endothelial cells of the pulmonary arterioles are somewhat thick, whereas the endothelial cells of the capillaries are thin and flat in shape. Furthermore, the hydraulic resistance of type I pneumocytes has been reported to be 10 times as great as that of the capillary endothelial cells [20] . Because type I pneumocytes in the present study were well preserved except for minimal microvillus formation in the db-Ueda/Hasegawa/Nakamura/Hirata/Fukuse/ Suzuki/Wada cAMP and control groups, type I pneumocytes might suppress the acceleration of edema in the alveoli in lung preservation with ET-K solution. There were no significant differences in the ultrastructure of type II pneumocytes between the three groups (data not shown), and therefore the pneumocytes (type I and II) were well preserved with ET-K solution.
The endothelial cell protrusions in the pulmonary arterioles might be induced by constriction of the vessels. Nonetheless, no significant differences were detected in the m-PAP after reperfusion between the three groups, so it is less likely that the formation of protrusions was accelerated by constriction of the vessels. Bensch et al. [19] reported that the stimulation of endothelial cells by cAMP was associated with cell flattening and enhanced cell-tocell contact, which might narrow paracellular pathways. In the present study, the incidence of endothelial cell protrusions in the pulmonary arterioles was significantly lower in the db-cAMP group than in the control group. This suggests that db-cAMP maintains the morphology and protects the barrier properties of endothelial cells in cold preservation of the lung.
The mechanism of microvillus formation in the endothelial cells of pulmonary arteries and capillaries could not be clarified in the present study. Microvillus formation was also seen in the endothelial cells of rat lungs cold preserved for 17 h with University of Wisconsin or EuroCollins solution [21] . Therefore, microvillus formation may be induced by changes in the cytoskeleton or fluidity of endothelial cell membranes. Moreover, the incidence of microvillus formation has been found to be markedly lower in canine lung cold preservation than in rat lung [7] , suggesting that the higher incidence of microvillus formation may be specific to the rat species.
In conclusion, db-cAMP attenuates the pulmonary injury caused by cold preservation and ischemia-reperfusion. Positive correlations were found between the ultrastructural changes in the small vasculature endothelial cells in cold-preserved lungs and pulmonary function after reperfusion, thus suggesting that this protective effect was partially due to its enhancement of endothelial barrier properties by suppressing the acceleration of the structural changes in the endothelial cells in the pulmonary arterioles.
